Abstract-Human space exploration has always been heavily influenced by goals to achieve a specific mission on a specific schedule. This approach drove rapid technology development, the rapidity of which added risks and became a major driver for costs and cost uncertainty. The National Aeronautics and Space Administration (NASA) is now approaching the extension of human presence throughout the solar system by balancing a proactive yet less schedule-driven development of technology with opportunistic scheduling of missions as the needed technologies are realized.
the rapidity of which added risks and became a major driver for costs and cost uncertainty. The National Aeronautics and Space Administration (NASA) is now approaching the extension of human presence throughout the solar system by balancing a proactive yet less schedule-driven development of technology with opportunistic scheduling of missions as the needed technologies are realized.
This approach should provide cost effective, low risk technology development that will enable efficient and effective manned spaceflight missions.
As a first step, the NASA Human Spaceflight Architecture
Team (HAT) has identified a suite of critical technologies needed to support future manned missions across a range of destinations, including in cis-lunar space, near earth asteroid visits, lunar exploration, Mars moons, and Mars exploration.
The challenge now is to develop a strategy and plan for technology development that efficiently enables these missions over a reasonable time period, without increasing technology development costs unnecessarily due to schedule pressure, and subsequently mitigating development and mission risks. The HAT Technology Needs Database, with a core of built-in reports, clarifies and communicates complex technology needs for cost effective human space exploration so that an organization seeking to assure that research prioritization supports human spaceflight of the future can be successful.
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INTRODUCTION
NASA is preparing for the next chapter of space exploration by developing the capabilities needed to expand hwnan activity throughout the inner solar system. [I] NASA formed the Human Spaceflight Architecture Team (HAT) to develop concepts for architectures and vehicle elements, conduct trade studies, and determine the technology and capability requirements needed for missions beyond low Earth orbit. The possible destinations include cis-lunar space, near earth asteroids, the lunar surface, Mars moons, and Mars surface. These activities provide cost and feasibility determinations to plan the next series of human exploration missions.
Determining a strategy for allocating funding for the technology developments most cost effectively, and assuring that initial mission opportunities are not missed, is a daunting challenge. This paper describes an innovative process to accomplish this using a database that relates the complex issues associated with developing such a strategy. Section 2 is a synopsis of the efforts by the HAT to assess the possible design reference missions, determine the capability gaps, and identify the technology advancement needs that enable the future manned space exploration missions. Section 3 describes the challenges faced by JSC in developing a strategy to allocate funding for Internal Research and Development ( I R&D) and Innovative Charge Account ( I CA) projects. Section 4 describes the HAT Technology Needs (TechNeeds) Database that was developed to enable a cost and mission effective funding allocation strategy. Section 5 explains how the TechNeeds Database was used by JSC with extensions that reflected JSC Center strategies and values. Section 6 summarizes the paper concluding with examples of how other organizations are using the TechNeeds Database, extending it for their particular needs.
BACKGROUND
As shown in Figure 1 , the HAT approach includes several processes:
design reference missions consistent with NASA's investment strategy are proposed; elements needed for the missions are conceptualized; schedule and cost estimates for each element are developed; integrated schedules and flight manifests are determined; and total costs are estimated. A key step in this process is the determination of which technologies are needed to enable these elements and missions so that full costs can be estimated.
The HAT created a Technology Development Assessment Team to manage the collection and evaluation of these technology needs. This team is comprised of representatives from across the Agency, ensuring input from and communication to a broad portion of the NASA community. 
Ele1nent catalog Cost Products

Elements and Destinations
Several architectural elements have been conceptualized by the HAT team, and many design reference missions have been developed to encompass a variety of destinations within the inner solar system. While still notional, these elements and missions contain enough fidelity to provide a concrete target for assessing the likely costs of similar missions, and to estimate the needs for technology development.
The destinations are used to drive transportation systems capabilities and assess impacts of changes in mission assumptions.
The elements and destinations currently under consideration are listed below in Table 1 and notional representations of the elements are illustrated in Figure 2 . 
Technology Needs
The method used by the HAT team to select the critical technologies is fully documented in [9] and is summarized in this paper.
The process began with high level conceptual designs for the architectural elements needed to accomplish the Design Reference Missions (DRMs) and to support mission operations at the destinations in Table I . The minimum set of adequate technologies to provide the requisite technical capabilities in these architectural elements was determined by consensus of mission planners, spacecraft designers and technology developers.
Cost phasing and "need by" dates (relative to an element's development cycle) were recorded with each technology to assist with HA T's cost estimations for each DRM.
Technologies were assumed to be matured and available by the preliminary design review for the enabled element. "Need by" dates for technologies required by multiple elements were based on the element that was expected to be completed fIrst.
Finally, each technology was mapped into the technology classifIcation system [10] used by NASA's OffIce of the Chief Technologist.
Subject matter experts created technology needs descriptions based on the capability gaps associated with the DRMs and architecture elements, and estimated technology development costs and the fidelity of those costs.
Using this approach, a set of 60 technologies was identifIed as enabling for at least one mission under consideration by the HAT ("technology pull"). In addition, "common avionics" was identifIed as a technology which could substantially improve system level affordability, and four ground operations technologies were identifIed as having a similar cost reduction potential. The full suite of 65 technologies is listed in Table 2 .
CHALLENGES FOR JSC TECHNOLOGY PRIORITIZATION
JSC seeks to achieve more effective results from the Center's "seeding" of technology maturation through the Center-level investments in IR&D and ICA projects. To achieve that objective, it is necessary to create a focus for IR&D and ICA (technology development The NASA Johnson Space Center, with a strategic goal to "Lead Human Exploration" and a success factor that includes "Lead maturation of human exploration technologies," has a set of core technology competencies that supports the fulfIllment of the majority of the Agency's human spaceflight technology needs (represented by the HAT Technology Needs).
Using the top-ranked human spaceflight technology needs as identified by the HAT ensures that there is long-term relevance for these IR&D and ICA technology development projects.
Also to be considered is the OCT Technology Area Breakdown Structure (TABS), an outline of the OCT Technology Roadmaps.
The TABS is effectively a technology discipline view of the key technology advancements needed to enable and enhance NASA's future missions. Advancing a particular technology discipline does not necessarily close a capability gap, especially those requiring advancements from several disciplines. Appendix C reveals that many-to-one and many-to-many relationships exist between the OCT TABS and HAT technology needs. A single technology may support multiple mission architecture elements, or just one, may support multiple missions, or just one, be addressed by multiple technology areas (or disciplines) in the TABS, or just one, and may support multiple HAT technology needs, or just one. These myriad relationships should have an obvious impact for prioritization ofIR&D and ICA projects to be funded.
Capturing the work produced by the HAT, the OCT TABS, the OCT prioritizations of technologies as well as the National Research Council's prioritizations of technologies, and docwnenting the relationships between them all, as well as with HA T architecture elements and missions/destinations is not particularly suited to spreadsheet applications. The obvious tool for this was a database, and because of its availability to NASA employees, a Microsoft Access database was selected.
More specifically related to achieving the JSC objective to achiev � more effective results for the Center's funding allocatIOn to IR&D and ICA projects, the TechNeeds Database required extensions to relate JSC core technology competencies, and the potentials for partnerships and commercialization, through an appropriate weighted scoring process. Section 4 will describe the core of the HAT Technology Needs Database, as well as the extensions that enabled the prioritization of !R&D and ICA project funding allocations to be based on the technology needs that support human spaceflight. 
HAT TECHNOLOGY NEEDS DATABASE
The core data sets included in the TechNeeds Database are described in Figure 3 . The TechNeeds Database has been developed for multiple users. User access can be restricted to selected fields, forms and reports, with read/write and read-only capabilities. Several "canned" reports are available from the Main Menu, and new reports can be developed as needed by the user. Many of these "canned" reports were designed to match the format of existing HAT reports that had been generated in Microsoft Excel and PowerPoint, streamlining the update of information while continuing to provide customary reports. After data updates, these canned reports may be generated with the click of a menu button. New data only needs to be 6 entered once. The reports may be printed directly from the database or exported to Microsoft Word, Excel, or PowerPoint formats or to Adobe PDF format. The database provides simple "double-click" navigation between related records.
Data Set Source
HAT
The JSC extension data sets that have been implemented in the TechNeeds Database are described in Figure 4 . Extension data sets do not perturb the core data sets nor the relationships among them. This ability to extend the TechNeeds Database core for special uses related to human spaceflight technology needs is very powerful. Four criteria were chosen to focus JSC's technology strategy: Human spaceflight technology needs, the JSC core technology competencies, and JSC perspectives for partnership and commercialization potential. The JSC Technology Working Group determined the weights for each of the input criteria. The weights assigned to these criteria appear in Table 3 [11]. JSC experts scored how well technologies mapped to the criteria. A technology's fmal score was the sum of the criterion scores multiplied by their respective weights in Table 3 .
The human spaceflight technology needs are comprised in the complete suite of 65 critical technologies identified by the HAT team and described in detail in [9] . Table 2 .
The 35 HAT Technology Needs that have the greatest alignment with the JSC core technology competencies, JSC's partnerships in pursuit, and commercialization potential were selected as topics for the JSC Center-level IR&D Call for Proposals. These needs are described in Appendix B and indicated by stars in Table 2 . For each of the needs listed, the following information fields are provided.
HA T #: Shortcut HAT reference # Title: Brief descriptive title Description:
Explanation of how and why a specific technology development is required Performance characteristics:
Identifies the advancements needed over current state-of-the-art. Provides targets for technologists to work towards to close the capability gap and enable the linked design reference missions.
The TechNeeds Database, developed to link HAT Technology Needs to JSC core competencies, partnership potential, and commercialization potential, continues to support the development and execution of a JSC technology strategy.
The Strategic Opportunities and Partnership Development Office/ AO is using the HAT Technology Needs descriptions and the mapping to the OCT Technology Area Breakdown Structure to identify partnership opportunities between commercial companies and JSC technologists.
SUMMARY
NASA's Human Spaceflight Architecture Team has identified 65 critical technologies necessary to achieve envisioned future human spaceflight missions. The process used to identify these considered conceptual designs for architecture elements that would support these missions, as well as the OCT list of technology disciplines contained in the OCT TABS. These and the many relationships between missions, architecture elements, and NASA priorities must be considered in developing any cost effective strategy for technology development.
The HAT Technology Needs Database collected the original HA T data and technologies and established the one-to many, many-to-one, and many-to-many relationships between the core data sets including architecture elements and missions.
The HAT Technology Needs Database provides insights into these critical technology needs that are difficult to obtain using the flat file spreadsheets of the original HAT core data sets.
JSC used the HAT Technology Needs Database to develop a strategy for IR&D and ICA funding allocation to technology development projects. This was accomplished by building extension sets to the HAT Technology Needs Database core data sets that reflect JSC core technology competencies, and the potentials for commercialization and partnerships. The HAT Technology Needs Database was further extended by adding JSC prioritization weighting criteria. The results thus enabled more focused proposal calls.
The HAT Technology Needs Database core data sets contain a wealth of information. This information, with the sets of forms and reports built into the HAT Technology Needs Database, can enable NASA organizations interested in satisfying the critical technology needs for future human space mission to use an optimizing approach. Further, the extensibility of the HAT Technology Needs Database allows those organizations to apply their own additional foci, values, and prioritization factors.
Other data extension sets have been incorporated into the TechNeeds Database. An extension data set supporting the Technology Assessment Team of the International Space Exploration Coordination Group has been added to identify partnering opportunities for international partner technology area developments. Also, the Homes for Tomorrow group added an extension to extract technologies that would support dual use of habitation advances for homes on Earth.
To inquire about how your organization can use the HAT Technology Needs Database, contact the author of this paper.
[10] NASA Office of the Chief The oxygen and methane (LCH4) propellant combination has the potential for greater engine
• Improved handling & non-toxicity benefit of the LC H4/oxygen combination (hours Reaction Control Engines performance, which can result in lower vehicle mass and greater payload-carrying capability rather than days ground operations). Demonstrated performance of a TRL 6 engine including:
• Approximately 10% specific impulse performance improvement relative to Hypergolic -Specific impulse of 317-sec; Impulse bit of 4 Ibf-sec; 50,000 cycles with a cryogenic valve;
systems. -Ignition & operation over a range of propellant inlet conditions (liquidlliquid to gas/gas) 2.4.a Unsettled Cryo Propellant • Efficient transfer of cryogenic fl uids in-space is required for propellant res upply to a Cryogenic
In-space Performance Characteristics « 0.00003g) Transfer Propulsion Stage (CPS) and/or oxygen resupply to a Deep Space Habitat (DSH) and has direct ·2 Phase Fluid Tolerant Transfer pump: operation to a vapor fraction of -0.8 with planetary application to ISRU Surface Systems. The state-of-the-art for propellant transfer in cryogenic fluids cryogenic upper stages requires the use of an ancillary propulsion system to settle the cryogenic
• Automated Fluid Coupling: leakage < 10-3 sccs gHe after 1000 cycles propellants at the tank outlets and a helium pressurant system to maintain a constant tank pressure • Leak Detection: TBD (L02 only) during propellant transfer. After engine start up the thrust generated by the propulsion
• Mass gauging: < 2 % uncertainty of measurement system maintains the propellants at the tank outlet and the LH2 tank uses an autogenous gaseous • Fill Fraction of propulsion system receiver tank: > 0.9 hydrogen pressurant system. This is not possible for tank-to-tank transfers; "unsettled" transfer is • Minimum Fluid used to chill transfer lines:<1 % of transfer line mass also beneficial for propellant res upply of large tank-to-propulsion systems.
• A pumped transfer at unsettled conditions and without a liquid acquisition device in the storage requires a 2-phase fl uid tolerant pump for liquid transfer. A transfer process requires a robust leakfree fl uid transfer coupling to mate the storage tank and the propulsion system receiver tank, an efficient transfer line chill down technique to minimize the liquid used to chill down the transfer line and a micro-g gauging concept to verify the high fi ll fraction of the propulsion system receiver tank. M automated propellant leak detection system would ensure the safe in-space transfer operation. These technologies are also directly applicable to L02lMethane propellant systems.
2.4.b In Space Cryogenic Liquid
• Cryogenic liquid acquisition technology is needed for 1) unsettled tank-to-tank propellant transfer, In-space Performance Characteristics « 0.00003g) Acquisition 2) unsettled tank-to-engine propellant transfer, and 3) propellant transfer into heat exchangers • Ratio of LAD delivery system pressure drop to BPP drop at maximum outflow rate -< needed to maintain propellant tanks at required temperature and pressure. It is important to 0.75 to 0.5 transfer only cryogenic liquids for these applications, without transferring ullage gas. Propulsive
• % of LAD res idual LH2 mass to total tank LH2 mass (Expulsion efficiency) -< 1% to maneuvers can be used to settle the cryogens to ensure liquid-only transfer, but this parasitic 3% propellant burn increases system mass, particularly for the frequent transfers needed for the • Ratio of total autogenous pressurant system mass to the mass of equivalent helium thermodynamic vent system for tank pressure and temperature control. pressurant system -< 0.8 to 1.0
• In micro-and reduced-gravity, liquid tends to cling to the walls of the tank, making it difficult to sufficiently cover the tank outlet during fl uid outflow.
• An in-space liquid acquisition device (LAD) is required to acquire vapor-free liquid from a propellant tank in micro-g. LADs represent the first stage in successful fl uid transfer from a tank to a propulsion system (or another tank). LADs rely on surface tension forces to separate liquid and vapor in the tank and capillary flow to maintain communication between liquid and the outlet during expulsion.
• A second system required for in-space liquid acquisition for large propellant storage and long duration missions is an autogenous pressurant system. Helium pressurant supply is impractical for these missions due to the helium mass required and the large launch mass penalty. M alternative to helium pressurization would be to extract a small amount of liquid or two phase fluid and feed it though a heat exchanger to vaporize the liquid and return it to the tank as a pressurant.
• These technologies are directly applicable to L02lMethane propellant systems. ·LADs have a proven fl ight heritage when using higher surface tension storable liquids (e.g. hydrazine) , but have not yet been tested in cryogenic liquids (H and 0) in low-g environments .
3.1 .a 300 kWe Fission Power Fine pointing requirements for concentrator-based arrays may limit functionality for some missions, so both planar and concentrator architectures should be considered.
.e Multi-MWe Nuclear Power • Nuclear power system development for very high power electric propulsion vehicles to deliver
• High (> 1 MWe) power, low mass «1 5 kg/kWe) power system for nuclear electric for Electric Propulsion cargo and/or crew to Mars. Once built, this system would also reduce the cost of transits to the propulsion. Moon, E-M L 1, NEOs, and the Martian moons.
• Fliqht power system development and qualification
3.2.a Regenerative Fuel Cells
• Long duration energy storage is required for extended surface missions to store solar energy and • Power generation > 10 kWe for 8 hours or more provide power during low insolation. Applicable to Lunar or Mars surface applications req uiring high • Operable with reactants at > 2000 psi to reduce tank vol ume power and/or long sortie durations.
• Round trip energy convers ion efficiency > 50%
• RFC system includes a fuel cell and an electrolyzer, each of which can be used independenHy for • Minimize mass (TBD Wh/kg) poweriwater generation and H2I02 generation, respectively. Electrical power can be used for any • Operational life > 10,000 hours ve hicle. Water and 02 can be used for life support for crewed vehicles. Also applicable to ISRU.
• Technology development includes red ucing the number of ancillary components to increase reliability and operational lifetime, and reduce parasitic power losses , mass, and vol ume.
3.2.b High Specific Energy
• Batteries with very high specific energy and energy density are required to enable untethered EVA • Battery-level specific energy > 325 Wh/kg and energy density > 540 Wh/liter Batteries missions lasting 8 hours within strict mass and volume limitations. Batteries are expected to · 8 hour operation per mission over an operating temperature of 10 to 30 degrees C. provide sufficient power for life support and com munications systems, and tools including video and • Nom inally 100 cycles and 5 year calendar life liQhtinQ. Advanced batteries are enhancinQ for every other ve hicle.
3.2.c Long Life Batteries
• Long life and low temperature survivable batteries will enable Lunar night survival & operations.
• Battery-level specific energy > 220 Wh/kg and energy density> 410 Whmter at a C/1 0 Polar Craters Operations will require batteries that can survive a cryogenic thermal environment. discharge rate
• Operate at lunar night temperatures for 14 days • Operate in a perenniallv shadowed reQion such as a polar crater 4.3.a Telerobotic control of • Enable astronauts in vehicle, habitat, or EVA to remotely operate robots at destinations (in the • For r vA, advance the state-of-the-art to enable telerobotics from inside crew vehicles robotic systems with time natural environment and with variable time-delay) to collect samples, deploy instruments, etc.
(e.g. approach/orbit NEO). delay -The r vA state of the art is control of a robot arm in a structured environment with man-made -Robot functions include: detail reconnaissance, sam pie collection, and worksite payloads and zero time-delay (e.g., ISS crew uses SSRMS to move/pos ition cargo modules).
preparation under conditions in which the time-delay ranges from 5 seconds (orbit-to--And no EVA control of external space robots currenHy exists. surface) to 5 minutes (for race-ahead mission architectures).
• Enable Earth ground control to remotely operate robots in dynam ic environments beyond LEO to • For EVA, advance the state-of-the-art to enable telerobotics from suited crew (insupport crew (e.g., reconnaissance, survey, site prep, follow-up, etc. during sleep periods).
space or on-surface). -The state of the art for ground control is a single command sequence per day of a slow ground -Robot functions include: operating a mobile camera, and materials/payload robot in a static environment without humans (e.g., Mars Exploration Rovers driving few m/day). transport under conditions in which the time-delay can be up to 10 seconds.
• Enable use of robots deployed by precursor mission, race-ahead or crew in mixed operations 
Description
Human mission activities can be performed more effectively if robotically assisted. Coordinated efforts between humans and machines/robots can improve the mission risk/productivity trade space.
• The top technical challenges in human-robot interactions are multi-sensor feedback, understanding and expressing intent between humans and robots, and supervised autonomy of dynam ic/contact tas ks .
• When robots and humans need to work in close proximity, sensing, planning, and autonomous control system for the robots, and overall operational procedures for robots and humans, will have to be designed to ensure human safety around robots.
• The goal is to enable EVA crew and machine interaction without real-time control and support needed from IVA or ground control personnel.
• Enables autonomous vehicle management with limited crew effort and little to no ground overs ight. This autonomous capability is required to ensure safe vehicle operations and monitoring of com plex systems, especially at increased distances from Earth where com munications time delays are present.
Performance Characteristics -Avo id need for IV robot controller -Avo id need for IV spotter/checker -Avo id dependence on Mission Control -Create force level safety for proximity operations.
-Create multi-modal human-robot interfaces and autonomy software. -Create fault tolerant free flyer and EVA positioning tec hnology. -Create asteroid sampling, processing, manipulation. -Create asteroid grappling and anchoring technology.
• Enable on-board ve hicle systems management for mission critical functions at destinations with > 3 second time delay
• Enable autonomous nominal operations and FDIR for crewed and un-crewed systems
• Reduce on-board crew time to sustain and manage vehicle by factor of 2x at destinations with > 6 second time delay (see Crew Autonomy sheet)
• Reduce earth-based mission ops "back room engineering" req uirements for distant mission support delay.
• Maturation of subsystem technologies (relative navigation sensors, GN&C fl ight software, system • System performance driven by the need for autonomous operations; high rel iability, managers , and mechanisms) to accomplish autonomous rendezvous and proximity operations for rapid missionization, rendezvous with non-cooperative targets with unknown geometry, various in-space destinations such as satellite servicing and NEA exploration. The benefit of this tumbling attitude, and unknown surface features, and mass/power constraints. technology development is to improve human safety, improve mission performance and flexibility by Rendezvous missions include flybys of destinations without landing or docking. enabling autonomous rendezvous and proximity operations interactions with com plex or Proximity operations require loiter at destinations with zero relative velocity. Major uncontrolled planetary bodies .
challenges include the ability to rendezvous and dock in all ranges of lighting, work across near to far range, and achieve a docked state in all cases .
• Combine transmitters on the ground across an array of antennas to produce uplink data rates 3-4 • Enable uplink rates: 25-50 Mbps at 1 AU using X-band orders of magnitude higher performance than current DSN capabilities to support uplinked video,
• Size and weight reduction: com pared to currently achievable receiver: > 50 % imagery and software uploads, enable spacecraft receiver to receive high data rate with reduction
• Leverage navigation improvements in orbit determ ination accuracy and trajectory avionics size, weight and power (SWaP) burden to Elements . management from improved com munication link
• Enable high data rate com munications between multiple in-space elements for situational awareness, enable element proximity radios to sense RF conditions and adapt autonomously, enable elements to store, forward, and relay/route information to other elements intelligently and when com munications is available, enable element radios to be reprogrammed from ground based on in-situ characterization of the NEO environment. The benefit of this technology development is to improve situational awareness and com munications, improving operational efficiency. This enables: System reduced avionics Size, Weight and Power (SWaP) burden to Elements through com bined RF/Optical capability in a single system , • multiple elements to aggregate com munications through a single element to solve spectrum and 'multiple spacecraft located in the same aperture' issues on the Earth side,
• reliable high data rate com munications between in-space elements and ground regardless of distance from Earth and availability of assets on the ground-side, to conserve element power whenever possible,
• simplified tracking of term inal by providing simultaneous RF beacon capability with term inal while optical system is operating. This is a recommended technology for missions where both imaging and long-range, high rate com munications are required for the mission.
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• Optical data rate to 0.5 AU from Earth: > 1 Gb/s simultaneous uplink and downlink with ground station • NEO's/NEA's at 0.5 AU distance or greater, including Mars missions. • Based on systems analys is and trade studies, targeted functions and technologies may include: • Meet new vehicle requirements including high reliability, operation in more extreme -Close the Atm osphere Revitalization (AR) loop by furthering 02 recovery, and reducing logistics. cabin environments (reduced pressure [8 psiaj and elevated 02 [approx. 32%]), Technologies may include Bosch, methane processing, and solid oxide electrolysis as well as reclamation of more complex process streams, and planetary protection. advanced trace contaminant control and filtration.
HAT
-Further closure of the Water Recovery (WR) loop by processing brines. Reduce clothing logistics and enhance crew health by enabling water recovery from laundry and hygiene wastewaters , respectively. May also include purification of water derived from ISRU sources.
-Processing of solid waste to recover water, reduce volume, and stabilize for long term storage. Technologies include compaction, drying and mineralization of solid wastes , including tras h, feces and solid byproducts from AR and WR processes.
-Opportunities to develop com mon technologies, processes, and com ponents suitable for multiple vehicle and mission applications can enhance the overall sustainability of human space exploration.
• Bring technologies to TRl 6 th rough progressive levels of ground-based integrated testing and ISS fl ight demonstrations. Perform long duration human in the loop testing to fl ush out hardware closed-loop issues such as contaminant buildup.
NOTE: "High Reliability Life Support Systems" is a subset of this technology item .
6.1.b High Reliability Life Development and validation of open and closed-loop Environmental Control and Life Support
• Meet or exceed performance over current state of the practice (approx. 90% recovery Support Systems Systems (EClSS), including Atm osphere Revitalization, Water Recovery, Waste Management and of water from urine & humidity condensate, and approx. 50% of 02 from CO2) . Crew Ac commodations, focused at improving reliability and reducing logistics over the state of the • Meet new vehicle element requirements : art.
-llibre robust and reliable com mon com ponents (e.g. fans, separators , pumps,
•
Base technology selection and development on systems analys is and trade studies . Deliver new sensors) to support longer (unmanned) loiter and extended mission durations that gap-filling technologies identified by vehicle elements including com mon adjustable pressure withstand the launch/landing loads environments and thermal/dust environments ; regulator capable of controlling a range of cabin, suit loop, and EVA suit pressures , low -Increased vehicle autonomy, including high reliability, reduced logistics and in-flight maintenance human waste collector and trash compactor, clothing, washer and dryer.
reparability;
• Bring technologies to TRl 6 th rough progressive levels of ground-based integrated testing and -IIIb re extreme cabin environmental conditions (reduced pressure [8 ps iaj and targeted fl ight demonstrations for selected process technologies. Perform long duration testing to elevated 02 [approx. 32%]); address hardware reliability issues.
-III bre complex process streams for recycling (wastewater from tras h, hygiene and
Opportunities to develop common technologies, processes, and com ponents suitable for multiple laundry) . vehicle and mission applications can enhance the overall sustainability of human space exploration 6.3.a long Duration Spaceflight • Strong evidence from spaceflight and analogs indicate that medical conditions of different
• Rapidly evolving technologies in this area will be developed to help select and prepare Med ical Care complexity, severity, and emergency will inevitably occur during long-term Exploration missions. crew and optimize care during the mission. long duration missions (>1 year) increase the risk of serious medical conditions due to limited
• Platforms that integrate multiple diagnostic and therapeutic smart medical devices, options for return to Earth, no res upply, highly limited mass, volume and some communication focusing on early detection and intervention of high-consequence and remediable delays. Plans for medical care consider the most likely medical conditions, their operational and conditions, with consideration for dual-use technologies. Capabilities include: diagnostic health consequences and the resources needed for treatment. Plans for the medical system seek imaging, oxygen concentrator, ventilator, laboratory analys is (saliva, blood, urine), bone to minimize the probability of mission failure or loss of crew.
fracture stabilization & healing, medical suction, rapid vascular access, dental care,
• HRP's Integrated Medical lll bdel (1rvrv1) simulates medical events during space flight missions and kidney stone diagnosis & treatment, IV solution preparation & delivery, medical estimates the impact of these events on crew health and mission success. A three-crew, 386 day, consumables inventory tracking, and medical data management. asteroid mission simulation with 28, 2-crew EVAs suggests an optimized medical kit having a mass of 62 kilograms and a volume of 0.15 m3. (These figures do not include all of the medical equipment needed for diagnos is).
• The medical system must monitor and treat crewmembers during the mission. The requirements for the medical system are impacted by mission duration; number of EVAs; age and gender of the crew; and crew medical expertise.
• The return of biological samples is required to assess human system res ponse to the mission in order to efficiently mitigate risks in future missions. • Non-invasively measure intracranial pressure. some of these changes were temporary and others have been, to date, permanent.
• • In-situ capability to assist the crew with contingency mission planning and vehicle, lander) to provide an adequate food system , and to meet human environmental standards development and execution of contingency operational procedures for air, water, and surface contamination.
• Ground-based decision support tools assist crew with mission operational anomalies with stale telemetry and operationally significant com munications delays.
• Reduce food packaging volume (30%) and mass (34%) so that supplies for one crew member for one year req uire 440 kg and 1.2 m3 consistent with food shelf-life requirements, especially for long duration missions.
• An EVA suit injury counterrneasures garrnent protects against injury caused by hard pOints in the suit and rninirnize rnovernent of the crewrnernber within the volurne of the suit. The garrnent protects the arrns, legs, and torso.
• The EVA suit supports delivery of nutrition and rnedication to suited crew.
• Microbial and chernical contarnination are identified and rneasured in real-tirne with rninirnal resupply.
6.4.a In-Flight Environmental
• Extended duration rnissions beyond low Earth orbit will require autonomous capabilities for
• In-flight analysis capabilities are necessary-Returning sarnples to Earth for ground Monitoring environmental rnonitoring to assess the habitation environment and the recycled life support analys is will not be feas ible for future missions. Environmental habitat problems on ISS consumables and to enable the crew to anticipate, react, and mitigate any risks to continued human are solved by sending air & water samples to Earth for lab analys is, which yields data occupancy.
for diagnos ing the problems.
• Rapid detection of hazardous environmental events must be monitored and controlled with high accuracy. Chemical (whether predicted or not) hazards are highest in urgency, followed by microbiological threats , based on rapidity of impact.
• Detect contaminants introduced via surface activities (dust, etc.) and of importance to planetary protection.
• Air Monitoring is well developed but the systern size should be reduced. Sorne specific tests for chernicals in water and for rnicroorganisrns have been flown, but anal ysis needs rnust be specified and developed. 6.5.a Space Radiation
• Current estirnates of crew risk from GCR rad iation exposure with long duration (->1 year)
• Technological approaches include: risk quantification and uncertainty reduction Protection -Galactic rnissions beyond LEO exceed the NASA acceptable career standards for Risk of Exposure Induced through radiobiology research, selection of crew based on individual sensitivity for Cosrnic Rays (GCR) Death for fatal cancers . In rnany cases, the risk estirnates (Cancer Risk Projection Model currently rnajor risks, new biornedical counterrneasures, cost/rnass efficient rnulti-use shield under review with National Academy of Science) greatly exceed the acceptable limit. systems, and mission planning away from solar minimurn.
• Research indicates that rnortality risk frorn radiation induced degenerative disease rnay further exacerbate the problem . GCR is difficult to shield against due to its high charge and energy, however shielding systems must minimize exposure levels to the maximum extent practical.
• In addition, there are large associated uncertainties in the modeling of the biological damage caused by GCR. These uncertainties limit our ability to accurately evaluate risks and the effectiveness of biological and physical mitigation strategies. • Active miniaturized dosimetry standards perm it a 3% risk of radiation exposure induced death (REID). This standard limits
• Acute biological countermeasures mission durations at solar minimum to 5-6 months for males and approximately 3 months for fem ales. At solar maxim um, the recommended limits become 154 days for 35-year old females to 300 days for 55-year old males.
• Management of the risk of exposure to SPEs requires an overall risk model, SPE forecasting for mission planning, SPE warnings and alerts to change mission planning, shielding options for the crew under different operational scenarios, in-mission dosimetry readings, and biological countermeasures to mitiqate exposures.
7.3.c Surface IIIb bility
• Surface mobility systems allow for the movement of cargo, instruments and crew on the surface • Technology investment areas can include of an object or planetary body. Exam ples include rovi ng, climbing, crawling, hopping or burrowing -Micro gravity climbing for satellite or asteroid missions into the surface. Systems for movi ng cargo include prepositioning cargo for future human use, or -Precursor roving in soft/steep soils for lunar crater access repositioning payloads for re-use. Instruments can be pointed by mobility systems, or pushed into -Ballistic crater explorer, fires projectile into crater for data contact for data collection, approaching simple manipu lation by using the mobility system's -Concurrent design of crew rover and MMSEV for re-use transport mechanisms. Crew mobility aids expand crew range, speed and payload capacity while -IIIb bile landers for repositioning spacecraft on small bodies. also providing power, habitation and environmental shelter. NASA's experience with crew mobility on the lunar surface was limited to unpressurized rovers for short stays. NASA now faces new challenges of working on the exteriors of satellites, on asteroid surfaces, on planetary surfaces for long durations, or providing access to lunar craters. Complexities of dust management and human interaction with NEA during extended should also be addressed.
9.1.a Entry, Descent, and
• Entry, descent and landing systems for Mars exploration-class missions require large surface
• Aeroassist, Aerocapture, and Entry -AAES are defined as the intra-atmospheric Landing (EDL) payloads. This technology enables reliable and safe delivery of multiple 40 metric ton payloads to technologies that decelerate a spacecraft from hyperbolic arrival through the Technologies -Mars the surface of Mars in order to support human exploration. The benefits of focused EDL technology hypersonic phase of entry. Options include deployable, inflatable, and m id-UD Exploration Class Missions activities include: increased mass delivery to a planet surface (or deployment altitude), increased vehicles, which need to be actively guided to limit loads and achieve accurate landings. planet surface access (both higher elevation and latitudes), increased delivery precision to the
• Descent -These technology advancements primarily focus on providing greater planet's surface, increased robustness of landing system to surface hazards, and enhanced safety deceleration in the supersonic and subsonic regimes in a manner that does not reduce and probability of mission success for EDL phases of atm ospheric fl ight.
landing accuracy or res ult in transient unsteadiness or loss of performance in the transonic regirne. For human-class missions, inflatable and retropropulsion technologies are options.
• Landing -The key areas of technology development are the systems to sense the surface and avoid hazards, descent propulsion motors and plume-surface interaction mitigation, touchdown systems, high-G survivable systems, and small-body guidance. Landed payloads include: Large Robotic Landers (100-1500 kg) and Human Class (1500-45000 kg) .
• Vehicle Systems -EDL systems are by their nature an integrated framework of technologies that necessitate system level validation for robust maturation.
• IIIb deling and simulation along with atmospheric and surface characterization activities are essential for advancing these technologies. human safety during return from missions beyond LEO, lower-mass return possible aerocaptures for reusability or skip entries for downrange capability, and capsules, increased landing system robustness, enhanced safety and probability of mission possible dual heat pulse entries. Keys are low-cost, high-reliability manufacturing and success, architecture flexibility and element reusability, and for robotic missions, sample return subsystem/system performance modeling and validation. reliability and planetary protection. Technology developments must begin immed iately in order to
• Descent -At Earth, these are usually parachutes; systems for this flight regime could enable early exploration architectures. Extensive ground testing and flight tests in Earth's have increased requirements due to higher entry velocities . For sample return atmos phere will be necessary to meet reliability requirements.
capsules, inherently stable vehicles without parachutes are preferred to meet the reliability requirements for minimal mass.
• Landing -The key area of technology development is the impact attenuation system; some large-system progress has been made through Orion (sample return capsules will likely have different requirements) .
• Modeling and simulation are essential for quantifying the reliability of these systems.
11.2.a Advanced Software
• Reliable software engineering tools and technologies to ensure system reliability and reduce • Increase software design productivity and reduce lifecycle software DDT&E and DevelopmentIT ools software costs (and hence system and mission costs). maintenance costs, greatly lowering $costiSLOC (source line of code) -Qualification of model-based software development methods -Dynamic certification / recertification of software developed through model-based and other highly automated methods -Software system infrastructure to leverage multi-core avionics -Reusable software platforms suitable for human-rated spaceflight
• Ensure on-board software reliability for long-duration human missions with light-time delay
• Enable verification of advanced software-based fu nctions for: crew autonomy, autonomous systems, vehicle systems health management, and situational awareness capabilities.
12.1.b Lightweight and Efficient
• Efficient Structures and Materials that demonstrate significant weight and cost savings for
• Lightweight structures and materials optimization to realize structural system dry Structures and Materials aerospace applications to provide a total systems-based efficiency. This includes multifunctional, mass savings (minimum of 20-25%) and operational cost savings. lightweight and robust (i.e., inspectable, repairable, damage tolerant, etc.) structures and materials • Multifunctional structures that offer improvements in radiation protection, MMO D specifically tailored for mission applications.
shielding, thermal management, structural health management, and system damping • Emerging innovations in manufacturing technology that offer significant improvement over SOA, benefits over conventional structures. Includes composite and metallic materials. critical to achieving the destination, performance, and affordability objectives for exploration • Design and certification methods to ensure timely introduction of advanced, multifunctional structures and materials into future reliable space systems -Damage models for reliability (certification and sustainment) -Optimized analysis and test for verification and validation -Streamlined design-analysis-certification processes -Rapid material properties development
14.2.a Thermal Control
• Al l future vehicles (both crewed and uncrewed) will req uire thermal control systems (TCS)
• Capable of maintaining system setpoint for large turndown ratio requirements (12 kW
• Improve thermal control system performance and reliability to reduce mass transportation t0 1 kW) requirements and enable performance over a wide range of mission req uirements .
-Exacerbated by low load in cold environment (-0 K) and high load in hot
• Thermal control in day/night with dust mitigation on radiators is critical for continuous ops and environment (-220 K) survival.
• Capable of efficient operation in rapidly changing thermal environments and/or
• Technologies that will be required include: transient heat rejection requirements -TCS fl uids and variable heat rejection radiators enabling single-loop TCS architecture
• Reduces component and system mass. Ablative TPS solution for primary MPCV heat shield protection for beyond Lunar return conditions. W/cm2 under 0.8 atmosphere pressure Return) -Thermal 1m prove human safety by detecting critical issues with MPCV TPS or structure prior to entry.
• Peak heat rate dominated (-90%) by shock layer radiation Protection System
• Technology needs to enter DDT&E cycle including TPS development, aerothermal and shock layer radiation modeling validation, reliability/m argin quantification methodology, integrated system health monitoring, and hyperthermal ground test capabilitv to approximate convective-radiative environment. 14.3.b Robust Ablative Heat • A robust, scalable heat shield TPS architecture is required that can be used for multiple missions.
• Capable of withstanding -1000 W/cm2 (about 33% radiation) and -1 atm osphere Shield (Lunar Return) -Ablative TPS solution for primary MPCV heat shield protection. Improve human safety by detecting pressure. Therm al Protection critical issues with MPCV TPS or structure prior to entry. Systems
